A theoretical framework, which is under the first-principles calculations, is developed to fully explore the dramatic changes of essential properties due to the siliconatom chemical modifications on monolayer graphenes. For the Si-chemisorption and Si-substituted graphenes, the guest-atom-diversified geometric structures, the Si-and C-dominated energy bands, the magnetic moments, the charge transfers, the spatial charge densities, the spin distribution configurations, and the van Hove singularities in the atom-and orbital-projected density of states are investigated thoroughly by the delicate evaluations and analyses. Such fundamental properties are sufficient in determining the critical physical and chemical pictures, in which the accurate multi-orbital hybridizations are very useful in comprehending the diverse phenomena, e.g., the Cand Si-co-dominated energy bands, the semiconducting or metallic behaviors, and the existence/absence of Dirac-cone band structures. This developing model could be generalized to other emergent layered materials.
I. Introduction

II. Computational methods
The rich geometric structures and electronic properties of the Si-adsorbed and Si-doped graphene systems are thoroughly explored using the density functional theory (DFT) implemented by Vienna ab initio simulation package (VASP). The many-body exchange and correlation energies, which come from the electron-electron Coulomb interactions, are calculated from the Perdew-Burke-Ernzerhof (PBE) functional under the generalized gradient approximation. Furthermore, the projector-augmented wave (PAW) pseudopotentials can characterize the electron-ion intrinsic interactions. As to the complete set of plane waves, the kinetic energy cutoff is set to beh 2 |k + G| 2 /2m = 500 eV, being suitable for evaluating
Bloch wave functions and electronic energy spectra. A vacuum space of 10 Å is inserted between periodic images to avoid their significant interactions. The first Brillouin zone is sampled by 9 × 9 × 1 and 100 × 100 × 1 k-point meshes within the Monkhorst-Pack scheme for geometric optimizations and electronic structures, respectively. Such points are sufficient in obtaining the reliable orbital-projected DOSs and spatial charge distributions. The convergence for the ground-state energy is 10 −5 eV between two consecutive steps, and the maximum Hellmann-Feynman force acting on each atom is less than 0.01 eV/Å during the ionic relaxations.
By the delicates VASP calculation on certain physical quantites, the critical physical and chemical pictures, the multi-or single-orbital hybridizations in chemical bonds and the spin configurations due to host and guest atoms, can be achieved under the concise scheme. They will be be useful in fully comprehending the fundamental physical properties.
These important concepts are obtained from the absorption-and doping-diversified geometric structures, carbon-and silicon-dominated valence and conduction bands, the total charge distributions and their drastic changes after adatom chemisorption or guest-atom doping, and the atom-and orbital-decomposed density of states through the detailed analyses. Also, such physical quantities could provide the significant differences between the chemical absorptions and dopings, such as, the metallic or semiconducting behaviors, the normal and irregular electronic energy spectra, and the complicated van Hove singularities, being attributed to the diverse chemical bondings. The developed theoretical framework could be generalized to the emergent two-dimensional materials, e.g., the chemical absorption and dopings in layered silicene, 70 germanene, 71 and tinene systems.
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III. Geometric structures of Si-adsorbed and Si-substituted graphene
Monolayer graphene has a planar geometry with a honeycomb lattice, being different from the buckled structures in layered silicene, 73 germanene, 74 and tinene. 75 Apparently, this crystal is formed by the very strong σ bonding of (2s, 2p x , 2p y ) orbitals, and the weak π bonding of 2p z orbitals are perpendicular to the graphitic plane. However, the other group-IV systems, with the buckled structures, are stabilized by the optimal competition between the sp 2 and sp 3 chemical bondings. The bond length remains shortest for the C-C (1.420 Å Table 1 ) among all the group-IV systems. After the Si-chemisorpion on graphene surface, the hexagonal honeycomb of carbon atoms remain planar structure while C-C bond length, ∼ 1.46-1.49 Å & shown Fig. 1(a) , is enhanced under the specific chemical bondings of silicon and carbon atoms. Part of carbon electrons take part in the multi-orbital hybridizations of C-Si bonds, leading to the weakened C-C bondings. As for the Si-substituted cases, the silicon-carbon honeycomb lattices remain planar structures, indicating the sufficiently strong quasi-σ bondings due to the sp 2 -sp 2 multi-orbital hybridizations in Si-C bonds [discussed later for the spatial charge densities in Fig. 7 , and density of states in Fig. 9 ]. The Si-C and C-C bond lengths are, respectively, ∼ 1.78-1.83 Å ∼ 1.47-1.50 Å under the high-ration substitutions [ Fig. 1(b) and Table 1 ]. The 1:1 substituted system, the pure silicon-carbon compound, has an optimal Si-C bond length (1.78 Å ) much longer than that (1.42 Å ) in a pristine graphene. This will lead to the great decrease of the strength in quasi-σ bonding, being further identified the largely reduced charge density between the Si-C bonds.
In addition, the guest-atom distribution configurations could be classified into three kinds under the specific concentrations lower than 50% [Figs. 3(a)-3(c)], namely, the ortho-, paraand meta-substitution cases. However, the former two are degenerate just at 50% [ Fig. 3 
IV. Rich electronic structures
A pristine monolayer graphene, as clearly indicated in Figs belongs to a zero-gap semiconductor because of the vanishing density of state at E F . The low-energy band structure mainly coms from the π bondings of the perpendicular C-2p z orbitals. The Dirac-cone structure, being due to the hexagonal symmetry, is predicted to display a lot of unusual phenomena, e.g., the diverse magnetic quantizations, 90 Hall effects 91 and optical properties, 92 being consistent with the experimental measurements. The electronic energy spectrum is highly anisotropic energy spectra along ΓM and ΓK.
The occupied electronic states come to exits between the Fermi level and the bottom of the conduction-band states. This clearly indicates the creation of free conduction electrons by the effective adatom dopings. On the other hand, the free holes are generated in the unoccupied valence states along MΓ and KΓ. As a result, it is difficult to identify Si-adsorbed graphene as a n-type or p-type system. However, this system belongs to a 2D semimetal, since it has a finite density of states at the Fermi level ( There are a lot of extra Si-dominated and (Si, C)-co-dominated energy bands in the whole energy spectrum, especially for those crossing the Fermi level. The complicated chemical bondings are deduced to survive in Si-adsorbed graphene systems, in which they cover
multi-orbital hybridizations in the C-Si, Si-Si and C-C bonds. Most important, the abovementioned differences obviously illustrate the adatom-adsorption-induced diverse phenomena and the critical mechanisms/pictures in determining the fundamental properties. 
V. Spatial charge densities
The multi-orbital hybridizations in chemical bonds, which are responsible for the rich ge- On the other side, the 2p z and (2p x , 2p y ) orbitals of carbon atoms, respectively, make important contributions to C-C and Si-C bonds; furthermore, the Si-(3s, 3p x , 3p y , 3p z ) orbitals participate in the Si-C and Si-Si bonds. The above-mentioned important differences could be verified by the high-resolutrion STM, TEM, ARPES and STS measurements.
VII. In summary
The essential properties of Si-modified graphene systems have been explored by the firstprinciples method in detail. Apparently, the geometric structures, band structures, spatial charge densities, and atom-and orbital-projected density of states exhibit the rich and unique The chemisorptions and substitutions of Si-guest atoms on monolayer graphene present the unusual geometric properties, being directly revealed in the spatial charge distributions.
The Si-adsorbed graphene is a non-buckled plane, in which the optimal position corresponds to the bridge site. A planar structure clearly indicates a very small variation in the σ bonding of C-(2s, 2p x , 2p y ) orbitals after the Si-chemisorptions; that is, such three orbitals do not take part in Si-C bonds. This adsorption configuration is similar to monolayer graphene oxide, 
